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I - PERFORMANCE AND WIRDMILIING DRAG CHARACTERISTICS

By William A, Fleming

SUMMARY

The results of altitude-wind-tunmel tests conducted to determine
the performance of an axial-flow-type 4000-pound-thrust turbojet
engine for a range of preasure altltudes from 5000 to 40,000 feet
and ram pressure ratiocs from 1.02 toc 1.86 are presented and the
experimental and analytical methods employed are discussed. By
means of suitable generalizing factors applied tc the measured
performance deta, curves were cbtained from which the engine per-
formance at any altitude for a given ram pressure ratlo can de
estimated, The data presented Include the windmilling drag
characteriatics of the twrbojet engine for the ranges of altitudes
and ram pressure ratios covered by the perfcrmance data,

The efficlency of the engine increased repildly with airspeed.
With a true alrspeed of SO0 mlles per hour at 40,000 feet the
specific fuel consumption based on net thrust horsepcwer was 0.94,
and at 645 mileg per hour the specific fuel consumption waas 0.73.
It was found that the windmilling drag of the engine is high and
the inlet should be closed when the engine is inoperstive in
flight. In the range of low engine speeds, the combustion effi-
clency decreased rapldly as the altitude was Increased, which
resulited 1n high specific fuel conswmptions. The results show
that an accurate calculation of the Jet thrust of the engine can
be made from measurements of the temperatures and pressures obtained
from & survey across the Jet at the norzle exit,

INTRODUCTION
An investigation has been conducted in the NACA Cleveland

altitude wind tunnel to determine the operational and performance
characteristics of an axial-flow-type turbojet engine with a
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4000-pound~-thrust rating at a range of pressure altlitudes from

5000 to 40,000 feet and ram pressure ratios from 1,02 to 1.86, with
tunnel temperatures from 80° to -50° F, The tunnel temperatures

were held at approximately NACA standard values for each altitude
condition. The results of performance tests on the e o with the
gtandard low-flow compressor and a tall-pipe nozzle of lsz-inch dlamoter

are preaented, The engine performance data presented ccmprise
standard characteristic curves such as thrust, horsepower, fuel con-
sumption, specific fuel consumption, armd alr flow plotted againat
engine speed and true airspeed. The effect ef combustion on per-
formance characteristices of the engine is briefly analyred.

The engine was tested with two Inlet configurations. For the
gtatic testas the engine combustion air was taken from the tunnel
test sectlion 1n a normal mammer; for the ram testes alr was intro~
duced into the engine through a duct at pressures corresponding to
ram pressures for varilous flight speeds at the tunnel pressure alti-
tude. Extensive instrumentation was installed on the engine In order
to obtalin detalled Information on the individual components of the
engine as well as the over-all engline performance.

Characteristic performance data are presented In order to show
the effect of altitude and alrspeed, assuming 100-percent ram
recovery, on engine performence and windmilling drag. The applic-
bility of methods used to gensralige the data in order to estimate
performance at various altitudes from performance data determined
at any altitude has been Investigated.

SYMBOLS

The following symbols are used in the calculations:

A cross-sectlonal area, square feet

B thrust-scale reading, pounds

Cp external drag cocefficient of installation

cp specific heat of gas at constant pressure, Btu per
powd per °R

D windmilling drag, pounds
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H B W %

ot

thp °

Jet thrust, pounds

net thrust, pounds

acceleratlon of gravlity, feet per second per second
total pressure, pounds per square foot absolute
ram pressure ratio

heating value of fuel, Btu per pound

mechanlical equlivalent of heat, foot-pounds pexr Btu
Mach number

mass rate of flow, slugs per second

engine speed, rpm

static pressure, pourds per aquare foot absolute
teat-section statlc pressure, pounis per square foot absoclute

eguivalent free-stream dynamic pressure obtained with
closed duct, pounds per square foot

test-gection free-stream dynamic pressure, pounds per
sguare foot

gas constant

wing-section area, aquare feet

total temperature, °R

indicated temperature, °R

stetic teméerature, °r

net thrust horsepower

velocity, Teet per second
test-gection veloclty,' feet per second

offective true alrspesd, mlles per howr
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Subscripts:

a

b
br

e
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wolght rate of flow, pourds per second
fuel conaumption, pounds per hour

specific fuel consumption based on Jet thrust, pourds
per hour per pound thruet

specific fusl consumption based on net thrust horse-~
power, pounds per thrust horsepower-hpur (same as
carrected valuse)

fuel consuwsption, pounds per second

ratic of aspeclfic heats for gases

ratio of absolute total preassure at compressor inlet
to abmolute static pressure of NACA standard atmog-
pherlc conditlong at sea level

combustion efficiency, percent

ratio of abaolute total temperature at compressor inlet
to abgolute gstatic temperature of NACA gtandard
atmospheric conditions at sea level

maas denslty of gas, slugs per cubic foot

air

cambustion

bearing cocoling air

compressor

fuel

exhaugt gas

Jet

net

tunnel test-section free-alr atream

turbine

487
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closed inlet duct at slip Jolnt, station X
cowl inlet |
compressor inlet

canpreasor outlet

turbine inlet

™ g s N M

tail-pipe nozzle

The following engine parameters are corrected to NACA etandard atmos-
pheric conditions at sea level:

FJ/B corrected jet thrust, pounds
F,/5 corrected net thrust, pounds
N/J @ corrected engine speed, rpm

thp/(5 +8) corrected net thrust horaepower

v/ e corrected effective trus alrspeed, miles per hour
{(W,+/6)/8 corrected air flow, pounds per second

Wf'/s( J€) corrected fuel consumption, pounds per hour

Wf/ (FJ »8) corrected specific fuel consumption based on Jet thrust,
pounds per hour per pound thrust

wf/ (w,6) corrected fuel-air ratio

WIND-TUNNEL INSTALIATION AND TEST PROCEUDRE
Deacriptlion of Engine

The J35 englne uged for the inveatigation has a sea-level
rating of 4000-pounds atatic thrust at an engine speed of 7600 rpm,
At this rating the air flow is approximetely 75 pounds per second
and the fuel consumption 4400 pounds per hour. The over-all length
of the engine 1s about 14 feet; the maximum dlameter, 36 inches; and
the total weight, 2300 pournds. The campressor has 11 axial-flow
stages and provides a pressure ratlioc of approximately 4 at rated
engine speed. There are eight indlvidual combustion chambers on
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the engine, which are Joined by small Interconnecting tubes for cross
ignition. A gingle-stage turbine is used to drive the compreasor.
The tail-pipe nozzle used in these runs 1a 16Z inches in diemeter,

Installation and Test Procedure

The engine was supported on a 7-foobt-chord airfoll installed
in the 20-foot-diameter test section of the wind tunnel (See
fig. 1.) The cowling extended back only as far as the rear of the
compresaor; therefore, the burners and the tall pipe were cooled
by the movement of the air in the test section. Air was supplied
to the engine by two methods: For the atatic tests a wooden cowl
wapg attached to the engine inlet and air was suppllied from the tunnel
teoat sectlon in a normal manner; for the ram tests inlet preasures
corresponding to flight at high speed were obtalned by introducing
dry refrigerated air from the tunnel make-up air system throttled
from approximately sea-level pressure to the deslred pressure at the
engine inlet while maintaining the wind-tunnel pressure and temper-
ature corresponiing to the test altitude. The make-up duct was
connected to the engine Iintake by meane of a slip Jolnt located
40 feet upstream of the engine. (See fig. 2, station X.) The slip
Joint permitted englne-thrust and installation-drag meastrements to
be made with the tunnel scales. An orifice for measuring the alr
flow 1s shown in the ram-pipe installation, but the results obtained
were not sufficlently accurate to be used. For both the static and
the ram tests the velocity In the tunnel test section varied from
40 to 100 feet per second, as induced by the ejJector effect of the
Jet and by the tunnel-exhauster scoop locasted immediately downstream
of the test sectiom.

The engine was extensively ingtrumented azs shown in figure 3.
Temperature and presgure measurements of the air and gases were
taken at eight stations in the engine (fig. 4). Thrust was measured
by the balance scales and was also calculated from pressure and tem-
perature meesurements obtailned with the tall-pipe-nozzle rake,

(See fig. 5.) In order to determine the external drag of the
installation to correct the scale thrust measurements, power-off
drag tests were conducted with the engine iInlet so covered that the
external drag coefficlent of the installation could be determined.

METHODS OF CALCULATION

Thrugt

The thrust was determined by two methods: (1) measurement
directly on the balance scales and (2) calculation from temperature

487
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andi pressure measurements obtained with the tall-rake survey

(fig. 5) located at the tail-pipe-nozzle exit. For the static
tests, when the inlet of the engine was open to the tunnel, the

Jet thrust was determined from the balance-scale measurement by
adding the external drag of the installation and the rate of momen-
tum of the engine intake alr at free-stream velocity toc the thrust
reading to glve

Fy =3 + CpigS + myVy (1)
When the closed duct was attached to the inlet of the engine to

obtain high ram pressure conditlions, the forces on the installstion
were combined in the equation '

Py =B + Cpa S +mVy + Ay (pz - 2y} (2}

The momentum and pressure terms in equation (2) replace the mcmentum
term in squation (1).

Calculation of the Jet thrust from temperature and pressure

nmeasurements obtained wlth the tail-rakoc survey was accomplished by

the use of an egquatlon derived from the basic formula for Jet thrust
F,=mYV 3
J gJ (3)

which i1s the ultimate rate of momentum of the gases In the Jet.
The Jet thruet may then be expressed as

which is
2
F, = bhgVg +Ag (pg - Bp) (4)

When Bernoulli's compressible-flow equation for veloclity ls applied,
the veloclity of the Jet at the nozzle exit 1s

-1
2 =<
Vg = Zchpte[(HE/pa) 7 - 12' (5)
By substltution of the relation
= R —ZL—
JCP = R y - T
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into equation (5), the tail-pipe-nozzle velocity may be expressed as

Vaz='7'—fz' [(He/Pa) y - —J (s)
The relation
PgeRtg g
gRtg = P =°a

may then be substituted into equation (8), which gives

7=1
- v2=..._2L.H_B.[(E§)7 _:l (7)
8 Y - 2 pg|\P

By substitution of equation (7) into equation (4), the final expres-
slon for Jet thrust becomea

27 -l
Fy =5 <71 Pghg (Fofpg) 7 -1 +2Ag (vg - pp) (8)
At all altitudes and ram pregsure ratios the ratio of measgured
Jet thrust to calculated Jet thruat was congtant at a value of 0,985
(figs. 6 and 7) with the measured thrust obtained from either equa-
tion (1) or equa.tion (2) and the celculated thrust obtzined from

equation (8).

When the initial free-gtream momentum of the inlet air 1s sub-
tracted from the Jet thrust, the following equation for net thrust
is obtained .

F,=Fy -V (9)

It is the net thrust that acts on an alrplane to propel it through
the alr,

The net thrust horsepower may then be determined from the prod-
uct of the true airspeed Iin feet per second and the net thrust in
the relation

»

FV
thp = —2- (10)
550
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Alr Flow

The air flow to the engine was determined by two methods:
(1) calculation from temperatures and pressures obtained by the
tail-rake survey at station 8 and (2) calculation from temperatures
and pressures obtained by the cowl-inlet survey at station 1. The
air flow determined fraom the talil-rake survey, which 1s used to
determine the performance, 1s found by first calculating the gas
flow out of the tail pipe by the equation

Wg = oghg¥gg (11)

which, when combined with equation (5), glves

g (12)

) -1
P 2Jdgce ¥
8 P
The air flcw is then found by subtracting the fusl flow we and
edding tkLe bearing cocling-air flow wbr to the gas flow, which
gives

Wy =Wg ~ wp + Wppe (13)

The bearling cooling-asir flow varies from 0.25 to 0.75 percent of
the total alr flow.

In order to determine the alr flow from the cowl-inlet survey,
a weighted average, corresponding to the annular area covered by
each tctal-pressure tube, of the square root of the total pressure
minus the static pressure was used. The total Inlet area in the
plane of survey Including the crcss-secticnal area of the guide
vanes was used and tke cowl-inlet veloclity was multiplied by the
calculated factor 0.963 to correct for the interference effect of
the guide vanes on the air stream. Asgsumlng that the flow at the
ccwl Inlet 1s incompressible, the resultant equation for ailr flow is

W = 0.963 piAq8 (14)

Temperatures

In equation (8), the Jet thrust is dependent on temperature
only to the extent of determlining the valus of the ratic of gpeclfic
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heats. Cellbraticn of the type of thermccouple used in the taill-

rake survey, neglecting radiation effect, showed that the thermo- -
couple measures the statlic temperature plus approximately 85 percent

of the adlabatic temperature rise due to the impact of the alr on

the thermccouple. The statlc temperature used to determine the

ratio of gpecific heats is then

Ty.8

t_:!:
1+ 0.85 ,:(HB/pg) 7 - 1]

Egulvalent Alrspeeds

4 (15)

8=

Imagmuch as all the calculations are based on 1CO-percent ram
efflclency, the equlivalent velocity corresponding to the ram pres- .
sure ratio lg used to determine the initial momentum term in equa-
ticn (9). The equivalent airspeed 1s given by the equation

P

oy 7
V= ZJscpTi,l 1 -(Hl)
Because the adlabatic tempersture rise due to the cowl-inlet velcclty,
(station 1) was lcw, the equivalent free-stream total temperature can

be apsumed equal to the cowl-inlet Indicated temperature. The use of
this aggumption caused an error in the airspeed of less than 1 percent.

(16)

Combustion Efficlency

The combustion efficiency is obtalned from the fundamental
relation '

_ neat out _ "g%.p (5 = Ty) (17)
" ~ heat in weh

where the valus of the specific heat p.b ig the average of the

gpecific heats for the entering air and {ne products of combustion.

The lower heating value of the kercosene used as fuel for the runs

is 18,600 Btu per pound of fuel., The value of the turbine-inlet

total temperature Ts can be determined fram the relation that the 4

work done by the turbine equals the work dome on the compreasor plus
the mechanlical losses. Because the mechanical losses are negligible
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and the mess air flcw through the compresscr may be assumed to be
equal to the mass gas flow through the twurbine, the turbine-inlet
total temperature may be expressed as

C.
C
Ts = Tg + 75%; (T, - Tp) (18)

where the values of the specific heats ¢ o and o L6 are the aver-

age values through the compressor and the %u:rbine respectively The
tall-rake total temperature was assumed equal to 'bhe turbine-cutlet
total temperature and, because more accurate temperature measurements
can be made at the tall rake » thla value was used.

RESULTS AND DISCUSSION

Altitude and Ram Effects on Performance

Engine performance, -~ A comparison of the perfor:ﬁa.nce of the
engine at pressure altltudes of 10,000,20,000, 30,000, and

40,000 feet at a ram pressure ra.tio of a.pproz:lmtely 1 2 (figs. 8

to 11) shows that the reduced demsity of the alr and consequently
the reduced weight air fiow through the engine at altitude (fig. 12)
caused the Jet thrust, the net thrust, the net thrust horsepower,
ard the fuel consumption tc decrease.

The alr flow measured by the tail-rake survey at station 8
(fig. 12(a)) is approximately 10 percent lower than the air flow
measursed by the cowl-inlet survey at station 1 (fig. 12(b)). Values
of the air flow measured by the tall-rake survey gave reasonsble and
consliatent component efficliencies and heat balances in all cases;
whereas the ailr flow calculsted by the cowl-inlet survey gave burner
efficiencies of more than 100 percent in many cases and inconsigtent
thrust values and heat balances.

In the range of high englne speeds at a constant ram pressure
ratio for all altitudes, the specific fuel consumption based on Jet
thrust fell on a single curve, but in the range of low engine speeds
the specific fuel consumption Increased as the altitude became
higher, (See fig. 13.) The increased specific fuel consumption in
the low-speed range at high altitude 1s attributed to lower component
efficiencles,

The specific fuel consumptlon based on the net thrust horse-
power (fig., 14) was almost constant for ell altitudes at high engine
gpeeds and a glven ram pressure ratlo. At low engine speeds, how-
ever, the specific fuel consumption decreased with Increasing alti-
tude, except at 40,000 feet where the specific fuel consumption was
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higher than at 30,000 feet. As the altitude was Iincreased frcm sea
level and the ambient temperature correspondingly deoreased, the
ccmpresgor pressure ratlo at constant englne spesd was 1lncreased.
The improvement in cycle efficlency accompanyling the increased
pregsure ratio resulted 1n lower specific fuel consumption as the
altitude increased to 30,000 feet. Between 30,000 and 40,000 feet
the deoreasge In component efficlencies was greater than the gain
obtained from the Increesed cycle efficlency and the specific fuel
congumption increased.

The fuel-air ratio increased with altitude throughout the entire
range of engine speeds, (See fig. 15.)

From performance data obtained at 40,000 feet and ram pressure
ratios of 1.02, 1,20, 1.41, 1.62, and 1, 86 ,{figs. 16 to 19), the
Jet thrust, t.he net thrust horsepower, and the fuel consumptlon are
seen to increase with ram pressure ratio. As the ram pressure ratio
wvas increased, the welght air flow through the engine became greater
throughout the entire range of engine speeds (fig. 20) and the over-
all preasure ratlo between the free gtream axd the compressor outlet
became greatexr, which resulted 1ln the increase in Jet thrust with
airgpeed. Agein the alr flow measured with the tall-rake survey
(fig. 20(a)) is approximately 10 percent lower than the air flow
measured wihh the cowl-inlet survey (fig. 20(b)).

The net thrust at maximum engine speed decreased with airaspeed
up to approximately 250 miles per howr and Increased above that
value. (See figs. 21 and 22.) At low airspeeds the ram pressure
ratio increesed slowly with airspeed according to the relation

lpvz<1+£'f_+£_4)
2 _1.20 40

?o
pC)

(19)

and the Jet thrust was therefore not appreciably affected by changes
in airspeed, but the term m,V required to obtain the net thrust
according to equation (9) 1s directly proportional to alrspeed. The
regsult is that at low airspeeds the rate of change of m,V with
alrspeed is greater than the corresponding rate of change in Jet
thrust. The net thrust therefore decreased with increased airspeed.
At the higher airspeeds the last term of equation (19), which involves
the squere of the alrapeed, beccmes appreciable., The rate of change
of Jet thrust with alrspeed then exceeds the corresponding rate of
change of m,V resulting in an increase in net thrust with airsgpeed.

L8¥%
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-The specific fuel consumption based on Jjet thrust ard on net
thrust horsepower decreased rapldly as the alrspeed became higher.
(See figs. 23 to 25.) At 500 miles per hour the specific fuel con~
aumption baged on net thrust horsepower with the engine operating
above 7000 rpm was approximately 0.94 and at 645 miles per hour,
approximately 0.73. The rapidly decreasing specific fuel consumption
indicated that above a true airspeed of 500 miles per hour the engine
became quite efficlent. With Increased ram pressure ratlos, the
fuel-alr ratio decreased slightly at the high engine speeds and mark-
edly decreased at the low. (See fig. 26.) The decrease of fuel-air
ratio as the ram pressure ratlo increased lia atiributed in pert to
the fact that the compression ratio acrosas the compresscr increased
wlthout appreclable change in expansion ratic across the turbine,

The cycle efficiency was Improved by thls change of compression
ratio relative to the expansion retio and less fuel was required
to malintain a constant englne speed.

Data on camponent efflclencles, which were obtalned in the
test progrem but are not presented In this paper, show that com-
bustlion efficlency changea more rapidly with altlitude than any other
component efficiency. The combustion efflciency determined with
equation (17) at altitudes of 10,000, 20,000, 30,000, and 40,000 feet
are shown in figure 27. With an increase in ram pressure ratio the
cambustlion efficlency markedly Iinorsased, as shown by the data
obtained at 40,000 feet. (See f£ig. 28.)

Generalized performance. - From an anslysis of Jet-engine per-
formance data, several reductlon paramesters have been developed for
generalizing experimental performance data taken at any altitude in
order that these data may serve to estimate Jot-engine performance
at all altitudes. (See reference 1.)

The application of the reduction factors 6 anmd 8 +to the
englne-performance parameters give the following generalized param-
eters: corrected engine speed N/./@; corrected Jet thrust F;/8;
corrected net thrust F /3; corrected net thrust horsepower
thp/(8+/8); corrected air flow (Wa «/8)/5; ocorrected fuel consumption,
We/(8./B8); corrected specific fuel consumption based on jet thrust

We/(F3,/8); corrected specific fuel consumption based on net thrust
We/thp; and corrected fuel-air ratio wg/(Wa8).

Application of four reductlon factors is shown in figureas 29
to 32, in which corrected Jet thrust, corrected net thrust, corrected
net thrust horsepcwer, and corrected alr flow are plotted against
corrected englne speed for a ram pressure ratio of approximately l.2.
The data obtained at all altitudes determine a single curve for each
performance parameter, which indicates that such generalized curves
can be used with a high degree of rellabllity for predicting these
engine per formance characterigtiecs.
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The fuel consumptions measured at 10,000, 20,000, 30,000, and
40,000 feet with a ram pressure ratlic of approximately 1.2 were
reduced to a gingle cwrve by the generelization factors for only
the upper range of engine speeds. (See fig. 33.) In the lower
range of engine speeds, the corrected fuel conswumptlon was higher
at the high altitudes owing to the variation of the component effi-
clencles of the engine, mainty the combustion efficlency. In order
to accurately gensralize the fuel consumption throughout the entire
range of englne speeds, the reduction factors should inciude a term
that tekes into account the variation of combustion efflclency with
englne speed and altitude. S8uch a term was not used with the data
in this paper.

The corrected speclific fuel consumption based on Jet thrust
(fig. 34) has the same characteristics as the fuel-flow curve in
that at high engline speeds the corrected specific fuel consumption
falls on a single curve for each altitude and in the low engine-
apsed range the corrected specific fuel consumption increages with
eltitude. The specific fuel consumption based on net thrust horse-
power (fig. 35) did not change with altitude throughout the entire
range of engine speeds, except at 40,000 feet where the specific
fuel consumption at low engine speeds increased because of low
camponent efficlenciles,

Inasmuch as the corrected air flow remains unchanged with alti-
tude and the corrected fuel flow ls constant for all altitudes in
the upper range of engine speeds but increased with altitude in the
lower range of engine speeds, the corrected fuel-air ratio (fig. 36)
remains vnchanged with altitude at high engine speeds but incressed
with altltude in the low-speed range.

An increase in ram pressure ratio resulted in a correspornding
increase in corrected Jet thrust (fig. 37), a decrease in corrected
net thrust as low ram ratios and 1ilttle change In high ram ratios
(fig. 38), an increase in corrected net thrust horsepower (figs. 39
and 40), and a decrease in corrected fuel consumption (fig. 41).

The variation of these generalized factors gives corrected specific
fuel consumption based on Jet thrust (fig. 42) and a specific fuel
consumption based on net thrust horaepower (figs. 43 and 44) that
decrease raplidly with increased airspeeds. From these date and from
the generalized data presented for several altitudes, 1t 1s apparent
that runs at several ram pressure ratlos give generalized data that
fall on a familyof curves and data must be cbtained at each ram

pressure retioc in order to determine the family of generaligzed curves

representative of the performence at all alrspeeds.

L8y
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The air flow obtalined by the tall-rake and cowl-inlet surveys
are shown in generalized form in figures 45(2) and 45(b), respec-
tively. Two distinct curves were cobtainsd for each method. The
upper curve represents the data obtalned from the ram tests and the
lower curve the data obtained from the statlc tests, which were made
at & ram pressure ratlo of 1.02. The low values of alr flow obtelned
in the statlc tests were atiributed o a thick boundary layer at the
compressor inlet, which was caused by breaking away of the alr from
the inner surface of the cowling as a result of operation at iniet
veloclty ratios V]_/}To between 2.5 ard 4.0. Such flow character-
istlcs could be expscted with ground operation of the englne before
take-off. The upper slr-flow curve represents runs made with the
duct on the inlet, whlch caused very little turbulence or boundary
layer at the campregsor inlet, With the exception of the atatic
ailr-flow curves, filgure 45 indlcates that the generalization factors
correct the alr flow to a single curve &t high engine apeeds for all
rem pressure ratlios. Because the 1dling speed of the engine 1is very
high at high esirspeeds, 1t 1s Imposalble to predict whether the
correction will also apply in the lower range of englne speeds; how-
ever, from data not hereln presented, a famlily of diverging curves
showing an increase in alr flow with alrspeed 1s expected in the
low range of englne speeds.

The corrected fuel-alr ratlc is slightly lower at high ram pres-
sure ratios in the upper range of engine speeds and as the engine
speed is reduced the curves became more divergent. (See fig. 48.)
Again the data give a famlly of curves covering the range of ram
pressure ratios.

The method of gemeralizatlion of data does not permit estimetlon
of performance parameters lnvolving the fuel flow at low engine
speeds because the effects of varylng combustion efficiency are not
properly accounted for; nor can the methoed of generalization of data
be used for estimating the effects of ram pressure on performance.

Windmilling Drag .

Very little information has been published on the drag values
obtained when an engine 1s inoperative during flight and 1s allowed
t0 windmill. The magnitude of the windmilling dreg is equal to the
rate of change of momentum of the alr decelerated by passing through
the engine. Relative to the alrplane, the rate of change of momentum
of the mass of air per seconi m, flowing through the engine, as

calculated from the results of the wind-tunnel investigation, is

Dy =mg (V-V) (20)
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The windmilling drag was also measured on the wind-tunnel balance
scales and was determined from the relation

D, = m,V - [B + mVy + ch'OéHJ- Ax (px - po)]- “ (21)

Agreement between the results calculated with these two equa-
tions was very close. The windmlilling drag determined from equa-
tion (21) is presented herein.

Altitude was found to have no effect on engine windmilling
speed, but the windmilling speed varied almost linearly with true
airgpeed. (See fig. 47.) The windmilling drag (fig. 48) increased
rapidly with alrsgpeed and decreased with increasing altitude. If
the windmilling drag of the englne is divided by the net thrust at
rated engine speed for each altitude and airspeed (fig. 49), the
velues lie on a common curve for all altitudes. At a true ailrspeed
of 500 miles per hour, at any altitude approximately 15 percent of
the net thrust of one engine operating at rated speed is required
to pull a windmilling engine through the air and at 650 miles per
hour the windmilling drag equals 25 percent of the maximum net
thrust of one engine. The inlet to the emgine should, therefors,
be closed when the engine 1s inoperative during flight. Dividing
the windmilling drag of the englne by the equivalent free-stream
dynamic pressure (fig. 50) resulted in a dimensional coefficient
that lies on a single ocurve.

The corrected alr flow when the engine 1s windmilling was found
to be approximately 25 percent greater than the flow when the engine
is operating at a glven corrected engine speed. (See fig. 51.) The
lower air flow through the engine when it is operating results from
greater logses through the combustion chambers and turbine nozzles
due to the high gas veloclity produced to burning.

When the engine 1s windmilling, the pressure rises through the
firat etages of the compressor and the remaining stages act as a
turbine. A pressure survey through the windmilling englne at
40,000 feet and a true airspeed of 575 mlles per hour is shown in
figure 52.

SUMMARY OF RESULTS

From an inveatigation of the performance and the windmilling
drag characteristics of an axlal-flow-type 4000-pound-thrust tuwrbojet
englne at pressure altitudes from 5000 to 40,000 feet and ram pressure
ratlics from 1.02 to 1.86, and from the applicatlon of the performance
generallzation factors, the following results were obaerved:
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1. The efficiency of the turbojet engine rapldly improved with
an increase 1n alrspeed and above a true airspeed of 500 miles per
hour at a pressure altlitude of 40,000 feet the specific fuel con-
sunptlion based on net thrust horsepower is 0.94 and at 645 miles
per hour 1is 0.73.

2. Thrust, horsepower, and air-flow data at a given ram pres-
sure ratio can be gensrallzed with the use of reduction factors so
that the data obtained at any altitude can be uged to estimate the
performance at any other altitude. In order to generallze accu-
rately performance parameters lnvolving the fuel consumption
throughout the entlre range of engine speeds, the reductlon factors
should inclulde a term that takes intc account the variation of com=-
bustion efficiency with engine speed and altitude.

3., The specific fuel consumption of the engine in the upper
range of englne speeds at a2 given ram pressure ratio remained
unchanged with variations In altitude, but in the low engine-speed
ramge the specific fuel consumption was higher at high altitudese
owing to poor combustion effliclency.

4, Windmilling drag valuea of 15 percent of the maximum net
thrust at 500 miles per hour and 25 percent of the maximmm net thrust
at 650 miles per hour were obtained in the windmilling drag tests.
These results indicate that cloasing the inlet to the engine when the
engine 1s inoperative during flight is desirable.

5. An sccurate calculatlon of the Jet thrust of the engline can
be made from measurements of temperatures and pressures obtalned
from a survey across the Jet at the nozzle exit.

Flight Propulsion Research Laboratory
National Advisory Committee for Aeronsutics,
Cleveland, Ohio.
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Figure 37, ~ Effect of corrected engine speed and ram pressure
ratio on corrected jet thrust at a pressure altitude of
40,000 feet. Engine speed and jet thrust corrected to NACA

standard atmospheric conditions at sea level,
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standard atmospheric conditions at sea level,
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Figure 39, — Effect of corrected englne speed and ram pressure
ratio on corrected net thrust horsepower at a pressure

altitude of 40,000 feet,
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Flgure 40, — Variation of corrected net thrust horsepower with
corrected true alrspeed at various corrected engine speeds and
& pressure altltude of 40,000 feet, Net thrust horsepower,
engine speed, and true airspeed corrected to NACA standard
atmospheric conditions at sea level,
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Pigure 41, — Effect of corrected engine spesd and ram pressure
retio on corrected fuel consumption at a pressure altltude
of 40,000 feet, Engine speed and fuel consumption corrected
to NACA standard atmospheric conditions at sea level,
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Plgure 42, —~ Effect of corrected engine speed and ram pressure
ratio on corrected specific fuel consumption based on jet
thrust at a pressure altitude of 40,000 feet, Engine speed

and specific fuel consumption corrected to NACA standasrd
atmospheric conditions at sea level,
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(a) Adir flow determined from tall-rake survey at statlon 8,

Figure 45, — Effect of corrected engine speed and ram pressure
ratio on corrected aly¥ flow at a pressure altlitude of 40,000
feet, Engine speed and air flow corrected to NACA standard
atmospheric conditions at sea level,
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Figure 46, — Effect of corrected engine speed and ram pressure
ratio on corrected fuel-alr ratio at a pressure altitude of
40,000 feet. ZEngine speed and fuel-air ratlo corrected to

NACA standard atmospheric conditions at sea level,
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Figure 51, = Comparison of effect of corrected engine speed on corrected alr flow

with engine windmilling and engine operating. Alr flow and engine speed corrected
to NACA standard atmospheric condltiona at sea levsl,
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